Abstract. Lysophosphatidic acid (LPA) is becoming a new player in regulation of the reproductive processes of domestic animals. In the present study, we examined whether LPA modulates prostaglandin (PG) synthesis in the bovine endometrium at the time of the early maternal pregnancy recognition compared with the respective days of the estrous cycle and the enzymatic mechanism of this action. Bovine epithelial and stromal endometrial cells isolated from the uteri on days 8-10 of the estrous cycle and pregnancy were cultured with LPA for 24 h. LPA increased PGE2 production in stromal cells during the estrous cycle and early pregnancy. On days 8-10 of pregnancy, LPA inhibited PGF2α production in epithelial cells. LPA stimulated PGES mRNA expression in stromal cells during both examined phases and inhibited PGFS mRNA expression in epithelial cells on days 8-10 of pregnancy. The overall results indicate that LPA may serve as a luteotropic factor during the luteal phase of the estrous cycle and early pregnancy stimulating PGE2 synthesis and mRNA expression for PGES in stromal cells. Moreover, during early pregnancy, LPA might protect bovine CL and early embryo development by decreasing PGF2α synthesis and mRNA expression for PGFS in the epithelial cells of the bovine endometrium. Key words: Cow, Lysophosphatidic acid, Prostaglandins, Uterus (J. Reprod. Dev. 55: [393][394][395][396][397][398][399] 2009) ysophosphatidic acid (LPA), a simple phospholipid, has a vast variety of physiological and pathological actions, such as cell proliferation and differentiation [1, 2] , cytoskeletal rearrangement [3] , cell-to-cell interactions [4] and tumorigenesis [5, 6] . In the literature, at least two pathways of LPA synthesis have been postulated [7, 8] . In serum and plasma, LPA is mainly converted from lysophospholipids [8] . By contrast, in platelets and some cancer cells, LPA is converted from phosphatidic acid. In each pathway, at least two phospholipase activities are required; phospholipase A1 (PLA1)/PLA2 plus lysophospholipase D (lysoPLD) activities are involved in the first pathway, and phospholipase D (PLD) plus PLA1/PLA2 activities are involved in the second pathway [7] . In the reproductive system, the LPA role has been studied extensively so far. We have recently found that in the bovine endometrium, unlike in mice, pigs and sheep [9] [10] [11] [12] , there is only mRNA expression for the receptor for LPA type 1 (LPA1) [13] . We also found that LPA is locally produced and released from the bovine endometrium [13] . The lysophosphatidic acid concentration and expression of mRNA for LPA1 in the bovine endometrium are significantly higher during early pregnancy than during the estrous cycle. Moreover, LPA stimulates progesterone (P4) and prostaglandin (PG) E2 secretion in vivo, and its receptor gene expression (LPA1) is positively correlated with expression of the enzyme responsible for luteotropic PGE2 production (PGES) in the bovine endometrium during the estrous cycle and early pregnancy. These data indicate that LPA may play autocrine and/or paracine roles in the uterus and serve as an important factor in maintenance of early pregnancy not only in the mouse [9] , pig [10, 11] and sheep [12] , but also in the cow [13] .
(J. Reprod. Dev. 55: 393-399, 2009) ysophosphatidic acid (LPA), a simple phospholipid, has a vast variety of physiological and pathological actions, such as cell proliferation and differentiation [1, 2] , cytoskeletal rearrangement [3] , cell-to-cell interactions [4] and tumorigenesis [5, 6] . In the literature, at least two pathways of LPA synthesis have been postulated [7, 8] . In serum and plasma, LPA is mainly converted from lysophospholipids [8] . By contrast, in platelets and some cancer cells, LPA is converted from phosphatidic acid. In each pathway, at least two phospholipase activities are required; phospholipase A1 (PLA1)/PLA2 plus lysophospholipase D (lysoPLD) activities are involved in the first pathway, and phospholipase D (PLD) plus PLA1/PLA2 activities are involved in the second pathway [7] . In the reproductive system, the LPA role has been studied extensively so far. We have recently found that in the bovine endometrium, unlike in mice, pigs and sheep [9] [10] [11] [12] , there is only mRNA expression for the receptor for LPA type 1 (LPA1) [13] . We also found that LPA is locally produced and released from the bovine endometrium [13] . The lysophosphatidic acid concentration and expression of mRNA for LPA1 in the bovine endometrium are significantly higher during early pregnancy than during the estrous cycle. Moreover, LPA stimulates progesterone (P4) and prostaglandin (PG) E2 secretion in vivo, and its receptor gene expression (LPA1) is positively correlated with expression of the enzyme responsible for luteotropic PGE2 production (PGES) in the bovine endometrium during the estrous cycle and early pregnancy. These data indicate that LPA may play autocrine and/or paracine roles in the uterus and serve as an important factor in maintenance of early pregnancy not only in the mouse [9] , pig [10, 11] and sheep [12] , but also in the cow [13] .
In ruminants, like in many other mammals, establishment of pregnancy involves maternal recognition of pregnancy and implantation. There is much evidence showing that the maternal recognition of pregnancy in ruminants requires that the conceptus elongate from a spherical to tubular and then filamentous form to produce interferon tau (IFNτ), which is the pregnancy recognition signal that prevents development of the endometrial luteolytic mechanism [14, 15] . During maternal recognition of pregnancy, the conceptus synthesizes and secretes IFNτ between days 10 and 21 to 25, with maximal production on days 14 to 16 [16, 17] . However, there are also reports that the conceptus can announce its presence much earlier (around days 8-9), and maternal pregnancy recognition can be induced by changing the immunological response of the mother [18, 19] . It has also been shown that the first signals from the developing conceptus in the cow occur long before implantation [20] . Martal et al. [21, 22] proved that the bovine conceptus produces about 100 μg of IFNτ per day as early as on the Days 8-10 of pregnancy. Furthermore, Kimura et al. [23] reported that IFNτ production during culture of in vivo derived embryos increased dramatically (150,000 fold) from day 9 to day 14. Moreover, Kelemen et al. [18] reported that the presence of the fertilized ovum induces a Th2 lymphocyte shift on the Days 8-10 of early pregnancy, which enables pregnancy to proceed to term. The signals from the conceptus occurring just after fertilization are not only local, but spread throughout the entire body of the mother and can be measured in the systemic blood a few days before implantation [19, 20, 24] . Days 8-10 of early pregnancy represent the time when the blastocyst is hatching, and from this time, it becomes a free-floating embryo within the lumen of the uterus that is totally dependent on the uterine environment for survival. At this time, early embryo survival depends mostly on appropriate function of the corpus luteum (CL)-adequate P4 synthesis.
Production of endometrial PGs and their influence on P4 synthesis is the main mechanism responsible for the cyclic nature of the estrous cycle and regulation of early pregnancy in cattle [25] [26] [27] . Prostaglandins are synthesized from arachidonic acid in the female reproductive organs, i.e., in the uterus and ovary during the estrus cycle and pregnancy [28] . The sources of PGs in the uterine mucosal membrane are epithelial and glandular cells and also fibroblasts [29, 30] . Prostaglandin F2α is the major luteolytic agent, whereas PGE2 acts in a luteotropic and luteoprotective way and leads to elongation of the lifespan of the CL and P4 production [28, 31] . It has been shown that LPA can influence on PG synthesis in mice [9] , humans [32] [33] [34] , sheep [12] and cows [13] . Therefore, the aim of this study was to determine whether LPA regulates PG synthesis and secretion in bovine endometrial cells on days 8-10 of early pregnancy compared with the respective days of the estrous cycle and which enzymes are responsible for this action within the bovine uterus. For all experiments, normally cycling Holstein/Polish Black and White (75/25%; respectively) cows (4-6 lactations; n=10) were chosen. The animals were eliminated by the owner from two dairy cow herds (Years 2004 (Years -2006 ) because of their low milk production. Estrus was synchronized in the cows using double injections of an analogue of PGF2α (dinoprost, Dinolytic; Pharmacia & Upjohn N.V.S.A., Belgium), as described recently by Skarzynski et al. [35] for estrus synchronization of multiparous cows. The onset of estrus was determined by observing the signs of estrus (i.e., vaginal mucus, standing behavior) and was confirmed by a veterinarian via ultrasonography (USG) examination using DRAMINSKI Animal profi Scanner (Draminski Electronics in Agriculture, Olsztyn, Poland; www.draminski.com) and per rectum examination. Only the cows with behavioral signs of estrus were chosen for the study after positive USG and per rectum examination (n=8). The day of estrus detection was taken as Day 0 of the estrous cycle.
Materials and Methods

Animals
Collection of endometrial tissues
Bovine uteri were obtained at a local slaughterhouse (Ubojnia Zwierzat Rzeznych, Gucin, Lukta, Poland) within 20 min of exsanguinations and were transported on ice to the laboratory within 40 min. Before slaughter, the cows with behavioral signs of estrus (n= 8) were divided into two groups, i.e., pregnant (n=4) and cyclic (n= 4) animals. The animals chosen for the pregnant group underwent artificial insemination (AI) with semen from the same bull. The animals were slaughtered on either days 8-10 of the estrous cycle (n=4) or days 8-10 of pregnancy (n=6). Estimation of the stages of the estrous cycle was confirmed by macroscopic observation of the ovaries and uterus [36] . Pregnancy was confirmed by flushing the uterus for collection of a viable embryo as described previously [13] . Only the uteri in which we found the viable embryos were chosen for the pregnancy group (we excluded 2 of the 6 uteri from this group because of the lack of pregnancy).
Isolation and incubation of endometrial cells
The epithelial and stromal cells from the bovine endometrium were enzymatically separated (0.05% collagenase; Sigma Aldrich, St. Louis, MO, USA; # C0130) using procedures described previously [37] . Cell viability, measured by trypan blue staining, was higher than 85%. The two pellets obtained consisted of pure stromal cells and pure epithelial cells [37] . The homogeneity of the cells and contamination of stromal and epithelial cell cultures (with epithelial cells and stromal cells, respectively) were evaluated using immunofluorescent staining for specific markers of epithelial (cytokeratin) and stromal cells (vimentin) [37] .
The final pellets of stromal and epithelial cells were resuspended in culture glass tubes (12 × 75 mm) containing 3 ml of culture medium (Dulbecco's Modified Eagle's Medium and Ham's F-12 medium 1:1 [v:v]; Sigma Chemical, St. Louis, MO, USA; #D8900) supplemented with 0.1% BSA (Boehringer Mannheim GmbH, Mannheim, Germany; #735078), 100 IU/ml penicillin and 100 μg/ ml streptomycin. The cells were incubated in glass tubes in a shaking water bath at 37 C as described previously for endometrial tissue explants [37] . The media were continuously gassed with 5% CO2 in air during incubation.
Experimental procedure
Isolated stromal and epithelial cells were resuspended in culture medium in glass tubes as described above, preincubated for two hours (stabilization period) and then exposed to LPA agonist (1 oleoyl-sn-glycero-3-lysophosphatidic acid sodium salt, Alexis, #Alx 300-139-M005; LPA; 10 -6 M) for 18 h. The dose of LPA agonist was defined in preliminary experiments. Tumor necrosis factor-α (TNFα: Dainippon Pharmaceutical, Osaka, Japan; 6 × 10 -11 M) and OT (Sigma, #O4375; 10 -7 M) were used as a positive control for PG synthesis in stromal and epithelial cells, respectively [30] . After culture, the tubes were centrifuged (3500 rpm) in order to separate the cells from the conditioned media. The supernatants (conditioned media) were collected in tubes with 5 μl EDTA, 1% aspirin solution (pH 7.3 Sigma; #A2093) and frozen until measurement of PGF2α and PGE2 by enzyme immunoassay (EIA). The obtained pellet (treated cells) for real-time PCR was disrupted with TRIZOL reagent (Invitrogen; #15596) and frozen at -80 C until RNA isolation. The DNA content in the cells was measured spectrophotometrically and was used to standardize the PGF2α and PGE2 concentrations in the medium [37] . The PGF2α and PGE2 concentrations were expressed as ng/μg DNA. Gene expression for the enzymes responsible for PGE2 and PGF2α synthesis (PGES and PGFS) in the cells was quantitatively measured by real-time PCR. The PGES and PGFS mRNA expressions in stromal and epithelial cells were expressed as arbitrary units normalized on the basis of GAPDH mRNA content.
Hormone determination
The concentrations of PGF2α and PGE2 in the medium samples were determined with direct EIAs, as described previously [38] . The anti-PGF2α and anti-PGE2 sera were purchased from Sigma (#P5539, #P5164; respectively). The PGF2α standard curve ranged from 0.016 to 4 ng/ml, and the ID50 of the assay was 0.25 ng/ml. The intra-and interassay coefficients of variation were on average 7.1 and 11.3%, respectively. The PGE2 standard curve ranged from 0.07 to 20 ng/ml, and the ID50 of the assay was 1.25 ng/ml. The intra-and interassay coefficients of variation were on average 6.9 and 9.7%, respectively.
Total RNA extraction, reverse transcription (RT) and real-time PCR
Total RNA was extracted from stromal and epithelial cells using TRIZOL according to manufacturer's instructions. RNA samples were stored at -80 C. Before use, the RNA was verified by spectrophotometric measurement and agarose gel electrophoresis. Two micrograms of each sample of total RNA were reverse transcribed using a ThermoScript TM RT-PCR System (Invitrogen, Alab, Warsaw, Poland; #11146-016). The RT reaction was performed in a total reaction volume of 20 μl, according to the manufacturer's instructions. RT products were stored at -20 C until real-time PCR amplification.
The expression of mRNA for all examined genes was conducted by Real Time PCR using specific primers for PGES and PGFS as described previously [13] . Briefly, GAPDH expression was used as an internal control. The primers were chosen using software package available on line: http://frodo.wi.mit.edu/primer3/ input.htm. The primers of all target genes are given in Table 1 .
Real-time PCR was performed with an ABI Prism 7300 sequence detection system using Power SYBR Green PCR master mix (Applied Biosystems, Applera, Warsaw, Poland; #4367659). The PCR reactions were performed in 96-well plates. Each PCR reaction well (25 μl) contained 2.5 μl of diluted RT product, 200 pM forward and reverse primers each, and 12.5 μl SYBR Green PCR master mix. As standard curves, serial dilutions of appropriate cDNA were used for gene quantification. For quantification of mRNA expression levels, the primer length (20 bp) and GC-contents of each primer (50-60%) were selected. Real-time PCR was performed under the following conditions: 95 C for 10 min followed by 40 cycles of 94 C for 15 sec, 56 C for 28 sec and 72 C for 15 sec. After each PCR reaction, melting curves were obtained by stepwise increase in the temperature from 60 to 95 C to ensure single product amplification. In order to exclude the possibility of genomic DNA contamination in the RNA samples, the reactions were also run either on blank-only buffer samples or in absence of the reverse transcriptase enzyme. The specificity of the PCR products for all the examined genes was confirmed by gel electrophoresis and sequencing.
Statistical analysis
All analyses were performed using one way ANOVA tests followed by Bonferroni's Multiple Comparison Test (GraphPad PRISM; P<0.05 was considered significant). Figure 1 shows the PGE2 production in stromal (a, b) and epithelial (c, d) cells on the days 8-10 of the estrous cycle and pregnancy, respectively. TNFα and OT stimulated the production of PGE2 in stromal and epithelial cells on the days 8-10 of the estrous cycle, respectively (P<0.01), which accounts for the appropriate responsiveness of the cells.
Results
Effects of LPA on PGE2 production in the bovine endometrial cells
Although LPA stimulated PGE2 secretion in stromal cells on days 8-10 of the estrous cycle compared with the controls (P<0.05), the strongest effect on PGE2 secretion in stromal cells was noted on days 8-10 of pregnancy compared with the controls (P<0.05). On days 8-10 of the estrous cycle and pregnancy, LPA did not influence PGE2 secretion in the epithelial cells compared with the controls (P>0.05). Figure 2 shows the PGF2α production in stromal (a, b) and epithelial (c, d) cells on days 8-10 of the estrous cycle and pregnancy, respectively. TNFα and OT stimulated the production of PGF2α in stromal and epithelial cells on days 8-10 of the estrous cycle, respectively (P<0.01), which accounts for the appropriate responsiveness of the cells. LPA did not influence PGF2α secretion in stromal and epithelial cells on days 8-10 of the estrous cycle and in stromal cells on days 8-10 of pregnancy (P>0.05). On days 8-10 of pregnancy, LPA inhibited PGF2α secretion in the epithelial cells compared with the controls (P<0.05). Figure 3 shows the total quantification of PGES gene expression normalized to GAPDH mRNA expression in stromal (a, b) and epithelial (c, d) cells on days 8-10 of the estrous cycle and pregnancy, respectively. LPA stimulated PGES gene expression in stromal cells on days 8-10 of both the estrous cycle and pregnancy (P<0.05). On days 8-10 of estrous cycle and pregnancy, LPA did not influence PGES gene expression in the epithelial cells compared with the controls (P>0.05). 
Effects of LPA on PGF2α production in the bovine endometrial cells
Effects of LPA on PGES gene expression in the bovine endometrial cells
Effects of LPA on PGFS gene expression in bovine endometrial cells
Discussion
This study is the first report on the specific LPA influence on PG synthesis and secretion in bovine stromal and epithelial endometrial cells at the time of early embryo development compared with the respective days of the estrous cycle. We also examined which enzymes are responsible for this action within the bovine uterus. The present study demonstrated that LPA, which may be synthesized locally by the bovine endometrium [13] , had an influence on the secretory function of bovine endometrial cells in vitro. We showed that LPA stimulated PGE2 synthesis only in stromal cells on days 8-10 of the estrous cycle and pregnancy. Moreover, LPA inhibited PGF2α synthesis only in epithelial cells on days 8-10 of pregnancy. Examination of the influence of LPA on mRNA expression for the enzymes responsible for PG synthesis showed that LPA stimulated PGES mRNA expression only in stromal cells on days 8-10 of the estrous cycle and pregnancy and inhibited PGFS mRNA expression only in epithelial cells on days 8-10 of pregnancy. This study also demonstrated that there is a much higher basal release of PGE2 in stromal cells compared with epithelial cells during both the estrous cycle and early pregnancy. On the other hand, we also found that the basal release of PGF2α in epithelial cells is higher than in stromal cells during both the estrous cycle and early pregnancy. These results are consistent with the results of other authors who found that epithelial cells from the bovine endometrium are responsible for PGF2α synthesis, whereas stromal cells synthesize approximately 10 times more PGE2 than epithelial cells [30, 39, 40] . In the present study, LPA had a stronger effect on stromal cell function than on epithelial cell function, suggesting that stromal cells are the target for LPA action in the bovine endometrium both during the estrous cycle and early pregnancy. The results of examination of the influence of LPA on PG synthesis are in agreement with the results of examination of the influence of LPA on PGES and PGFS mRNA expression because the LPAdependent stimulation of PGE2 synthesis in the stromal cells is the effect of stimulation of PGES mRNA expression. On the other hand, inhibition of PGF2α synthesis in epithelial cells is via inhibition of PGFS mRNA expression in these cells.
In the present study, we also showed that the basal release of PGE2 in both stromal and epithelial cells is higher during early pregnancy compared with the estrous cycle. Moreover, the basal release of PGF2α in both stromal and epithelial cells is lower during early pregnancy than during the estrous cycle. On days 8-10 of early pregnancy, when PGE2 basal release is higher and PGF2α basal release is lower compared with the estrous cycle, we proved that LPA exerted a much stronger effect on the secretory functions of endometrial cells. On the examined days of the estrous cycle, LPA affected only PGE2 synthesis via stimulation of PGES mRNA expression, whereas on the respective days of pregnancy, LPA stimulated PGE2 and additionally inhibited PGF2α synthesis. The results of this study suggest that LPA is an additional luteoprotective factor in the bovine endometrium during both the estrous cycle and early pregnancy. Since PGE2 stimulates CL function [25, 41] and has roles in establishing and maintaining pregnancy [15, 42] , LPA, through stimulation of its synthesis, may be an important factor contributing to the establishment of pregnancy in the bovine endometrium. Moreover, this effect might be additionally augmented by LPA-dependent inhibition of PGF2α synthesis during early pregnancy. The obtained data seem to be important, because the examined time during early pregnancy is the time of immunological pregnancy establishment as shown by Kelemen et al. [18] , Barnea et al. [20] and Majewska et al. [19] . Moreover, days 8-10 after conception have recently been considered to be crucial in terms of early embryonic loss. In cattle, the major component of embryo loss occurs before day 16 following breeding, with some evidence pointing to greater losses before day 8 in high-producing dairy cows [43] .
The data obtained in our study is only consistent to a certain extent with data obtained in ovine trophectoderm cells in culture, in which LPA induced PG release [12] . However, the authors of this study exclude the effect of LPA on PG release due to changes in the mRNA of PGES and PGFS. Liszewska et al. [12] claim that, in the case of trophectoderm cells, the phosphorylation of PLA2 by extracellular signal regulated kinase (ERK) is a critical step in the sequence of events leading to mobilization of arachidonic acid, as shown previously by An et al. [44] in Jurkat T cells in humans. Liszewska et al. [12] hypothesize, that in trophectoderm cells, LPA-mediated phosphorylation of ERK may cause rapid activation of PLA2 that results in a burst of PG synthesis independent of any modifications in gene expression. However, our data agree with data obtained by Inoue et al. [45] , Reiser et al. [46] , Synowicz et al. [47] and D'Aquilino et al. [48] . In the studies of these authors, LPA was shown to increase PGE2 synthesis in human monocytic cells [48] and rat mesangial cells [45] and to upregulate PTGS2 expression in other cell types such as human ovarian cancer cells [47] and rat mesengial cells [46] . Moreover, in mice, targeted deletion of LPAR3 receptor results in implantation defects accompanied by a reduction in PTGS2 expression and the levels of PGE2 and PGI2 [9] . Our study suggests that, because of the LPA stimulation of PGES expression on days 8-10 of the estrous cycle and early pregnancy and inhibition of PGFS expression on days 8-10 of early pregnancy, it is likely that the above pathway will prove to be relevant in the cow.
In conclusion, LPA, through stimulation of PGE2 synthesis, might serve as an additional luteotropic factor during the luteal phase of the estrous cycle and on days 8-10 of early pregnancy. However, on these days of early pregnancy, it seems to play even more important role through stimulation of PGE2 and additional inhibition of PGF2α synthesis. LPA-dependent stimulation of PGE2 synthesis in stromal cells on days 8-10 after conception and on the respective days of the estrous cycle are the effects of stimulation of PGES mRNA expression. The inhibition of PGF2α synthesis in epithelial cells on days 8-10 of early pregnancy occurs via inhibition of PGFS mRNA expression in these cells.
